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We study both theoretically and experimentally the electro-optical properties of vertically aligned
deformed helix ferroelectric liquid crystals (VADHFLC) with subwavelength pitch that are governed
by the electrically induced optical biaxiality of the smectic helical structure. The key theoretical
result is that the principal refractive indices of homogenized VADHFLC cells exhibit the quadratic
nonlinearity and such behavior might be interpreted as the orientational “Kerr effect” caused by
the electric-field-induced orientational distortions of the FLC helix. In our experiments, it has been
observed that, for sufficiently weak electric fields, the magnitude of biaxiality is proportional to
the square of electric field in good agreement with our theoretical results for the effective dielectric
tensor of VADHFLCs. Under certain conditions, the 2pi phase modulation of light, which is caused
by one of the induced refractive indices, is observed without changes in ellipticity of incident light.
PACS numbers: 61.30.Gd, 77.84.Nh, 78.20.Jq, 42.79.Kr , 42.70.Df
Keywords: deformed helix ferroelectric liquid crystals; subwavelength pitch; quadratic electro-optic effect;
phase modulation of light
I. INTRODUCTION
Nowadays, high-speed, low power consuming phase
modulation is in high demand for various applications
such as displays, tunable gratings, beam steering and
several other photonic devices [1–4]. Liquid crystal (LC)
phase modulators are very popular for this purpose and
among all LC phases, nematics are widely used. How-
ever, nematics are known to have slow response time and,
in addition, this slow response gets worse if the LC layer
thickness increases in order to obtain a 2π phase modula-
tion. Therefore, many efforts are in progress to optimize
the various LC electro-optical modes for the high speed
phase modulations. To improve the response time, some
recent work on faster switching LC modes has included
polymer stabilized blue phase (PSBPLC) mode and chi-
ral nanostructured devices based on Kerr effect [2, 4–9].
The Kerr constant for the PSBPLC is generally smaller
as compared with other tunable LC phase modula-
tors [2, 4]. So, this mode is characterized by a relatively
small phase change. There is, however, the new class
of PSBPLS recently reported in Refs. [6–9] that reveals
higher values of the Kerr constant. For these materi-
als, the fabrication procedure is very complicated as it
requires special processing condition such as ultraviolet
curing at a precise temperature within the LC blue phase
or isotropic phase, and the mixture of several compo-
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nents [6–8].
Ferroelectric liquid crystals (FLCs) representing an-
other and most promising candidate are characterized
by very fast response time. However, most of the FLC
modes are not suitable for pure phase modulation devices
because their optical axis sweeps in the plane of the cell
substrate producing changes in the polarization state of
the incident light. In order to get around the optical axis
switching problem the system consisting of a FLC half-
wave plate sandwiched between two quarter-wave plates
was suggested in Ref. [10]. But, in this system, the 2π
phase modulation requires the smectic tilt angle to be
equal to 45 degrees. This value is a real challenge for the
material science. Even though some of the antiferroelec-
tric and ferroelectric liquid crystals possess the desired
tilt angle, the difficulty is that the response time dra-
matically increases when the tilt angle grows up to 45
degrees [11, 12].
In this article, we deal with the approach to phase mod-
ulation that uses the electro-optical properties of helical
structures in deformed helix ferroelectric liquid crystals
(DHFLC) [13–16]. Our goal is to systematically exam-
ine the physical characteristics that govern phase mod-
ulation in vertically aligned DHFLC (VADHFLC) cells
where the twisting axis of FLC helix is normal to the
substrates and the helix pitch, P , is short as compared
to the wavelength of light, λ.
The paper is organized as follows.
In Sec. II, we begin with the theoretical analysis which
is based on a generalized version of the theory devel-
oped in Ref. [16]. For the effective dielectric tensor of
homogenized VADHFLCs with the subwavelength pitch,
it turned out that, in agreement with the results of the
experimental study [15] where the VADHFLC mode was
2used to achieve the 2π phase modulation at the wave-
length 1.55 µm, in-plane rotations of the optical axes
are suppressed. Optical anisotropy of short-pitch VAD-
HFLCs is found to be generally biaxial and, in the low
voltage regime, the electric field dependence of the re-
fractive indices exhibits the quadratic nonlinearity that
can be interpreted as the orientational “Kerr effect”.
Electro-optical properties of VADHFLC cells with the
subwavelength helix pich are studied experimentally in
Sec. III. Experimental details are given in Sec. III A,
where we describe the samples and the setup employed to
perform measurements. The experimental results verify-
ing the theoretical predictions are presented in Sec. III B.
Finally, in Sec. IV, we draw the results together and
make some concluding remarks.
Figure 1: (Color online) Schematic representation of
geometry of a vertically aligned DHFLC cell: (1) are
glassy plates; (2) are in-plane electrodes; (3) are smectic
layers parallel to the glassy substrates; (4) is a voltage
generator; P (A) is polarizer (analyzer); θ is the tilt
angle of director d in smectic layers; ϕ is the azimuthal
angle of the spontaneous polarization vector Ps; I0 is
intensity of incident light; I is intensity of light
transmitted through the VADHFLC cell placed between
P and A.
II. THEORY
Optical properties of planar aligned DHFLC cells with
subwavelength pitch, where the axis of FLC helix, hˆ,
is parallel to the substrates, was described in terms of
the effective dielectric tensor of homogenized FLC heli-
cal structure in Ref. [16]. The general result of Ref. [16]
is that under the action of the electric field applied along
the normal to the twisting axis, E ⊥ hˆ, a DHFLC cell,
in which the zero-field optical anisotropy is uniaxial with
the optical axis parallel to the helical axis hˆ, becomes bi-
axially anisotropic with the principal optical axes rotated
about the vector of applied electric field, E.
In this section our task is to show that similar be-
haviour applies to the case of the slab geometry of ver-
tically aligned DHFLC cells which is depicted in Fig. 1.
For this geometry, the above effect is illustrated in Fig. 2.
To this end, we introduce the effective dielectric tensor,
εeff , describing a homogenized DHFLC helical structure
characterized by the director
dˆ = cos θ hˆ+ sin θ cˆ, (1)
where cˆ ⊥ hˆ is the c-director, that lies on the smectic
cone with the smectic tilt angle θ and rotates in a heli-
cal fashion about a uniform twisting axis hˆ forming the
FLC helix with the subwavelength pitch, P ≪ λ. The
polarization unit vector
pˆ = hˆ× cˆ ‖ Ps, (2)
is directed along the vector of spontaneous ferroelectric
polarization, Ps = Pspˆ, and, for a vertically aligned FLC
helix in the slab geometry shown in Fig. 1, we have
hˆ = zˆ, cˆ = cosϕ xˆ+ sinϕ yˆ,
pˆ = cosϕ yˆ − sinϕ xˆ, E = E yˆ, (3)
where ϕ is the azimuthal angle around the cone
ϕ ≈ φ0 + αE sinφ0, φ0 = 2π
(
hˆ · r)/P = 2πz/P, (4)
that depends on the applied electric field, E, through the
electric field parameter αE = γEE linearly proportional
to the ratio of the applied and critical electric fields [14,
17]: E/Ec.
For a biaxial FLC, the components of the dielectric
tensor, ε, are given by
ǫij = ǫ0δij + (ǫ1 − ǫ0) didj + (ǫ2 − ǫ0) pipj =
= ǫ0(δij + u1didj + u2pipj), (5)
where i, j ∈ {x, y, z} and ui = (ǫi − ǫ0)/ǫ0 are the
anisotropy parameters. Note that, in the case of uni-
axial anisotropy with u2 = 0, the principal values of the
dielectric tensor are: ǫ0 = ǫ2 = ǫ⊥ and ǫ1 = ǫ‖, where
n⊥ =
√
µǫ⊥ (n‖ =
√
µǫ‖) is the ordinary (extraordinary)
refractive index and µ is the magnetic permittivity.
According to Ref. [16], normally incident light feels
effective in-plane anisotropy described by the averaged
tensor, 〈εP 〉:
〈ǫ(P )αβ 〉 =
〈
ǫαβ − ǫαzǫz β
ǫzz
〉
=
= ǫ0
〈
δαβ +
u1dαdβ + u2pαpβ + u1u2qαqβ
1 + u1d2z + u2p
2
z
〉
, (6)
qα = pzdα − dzpα, α, β ∈ {x, y}, (7)
3Figure 2: (Color online) Ellipsoids of effective refractive
indices of a short-pitch VADHFLC cell. Left: in the case
of zero electric field, E = 0 V, the effective dielectric
tensor (18) is uniaxially anisotropic with the optical
axis parallel to the helix axis, hˆ = zˆ. Right: applying
an in-plane electric field, E, makes the optical
anisotropy biaxial n1 6= n2 6= n3 with the two optical
axes rotated by the angle ψd (see equation (29)) about
the electric field vector parallel to the third optical axis.
where 〈. . .〉 = (2π)−1 ∫ 2π0 . . . dφ0, and the effective dielec-
tric tensor
εeff =

ǫ
(eff)
xx ǫ
(eff)
xy ǫ
(eff)
xz
ǫ
(eff)
yx ǫ
(eff)
yy ǫ
(eff)
yz
ǫ
(eff)
zx ǫ
(eff)
zy ǫ
(eff)
zz

 (8)
can be expressed in terms of the averages
ηzz = 〈ǫ−1zz 〉 = ǫ−10 〈[1 + u1d2z + u2p2z]−1〉, (9)
βzα = 〈ǫzα/ǫzz〉 =
〈
u1dzdα + u2pzpα
1 + u1d2z + u2p
2
z
〉
, (10)
as follows
ǫ(eff)zz = 1/ηzz, ǫ
(eff)
zα = βzα/ηzz,
ǫ
(eff)
αβ = 〈ǫ(P )αβ 〉+ βzαβzβ/ηzz. (11)
General formulas (6)-(11) give the zero-order approx-
imation for homogeneous models describing the optical
properties of short pitch DHFLCs. Assuming that the
pitch-to-wavelength ratio P/λ is sufficiently small, these
formulas can now be used to derive the effective dielectric
tensor of homogenized short-pitch DHFLC cell for both
vertically and planar aligned FLC helix. In the latter
case that was studied in Ref. [16] for uniaxial FLCs, the
relations (3) are changed as follows
hˆ = xˆ, cˆ = cosϕ yˆ + sinϕ zˆ,
pˆ = cosϕ zˆ− sinϕ yˆ, E = E zˆ. (12)
In this paper we concentrate on the zero-order homo-
geneous model for vertically aligned DHFLC cells. From
the results of Ref. [18] it can be inferred that, despite
some difficulties related to the effect of optical rota-
tion [19–21], the homogeneous models work well for many
optical properties of vertically aligned short-pitch FLCs.
Note that our general approach [16] can be regarded as
a modified version of the transfer matrix method [22–
24] and the perturbative technique suggested in Ref. [19]
can be applied to go beyond the zero-order approxima-
tion. An alternative approach is based on the Bloch wave
method [25] and has also been used to define the homo-
geneous models for periodically modulated anisotropic
media [21, 26, 27].
From Eq. (3), the z components of of the director,
dz = cos θ, and the polarization vector, pz = 0, do not
depend on ϕ. So, we have
ǫzz
ǫ0
≡ ezz = 1 + u1d2z = r1 cos2 θ + sin2 θ =
ǫ
(eff)
zz
ǫ0
, (13)(
ǫ
(eff)
zx /ǫ0
ǫ
(eff)
zy /ǫ0
)
= u1 cos θ sin θ
(〈cosϕ〉
〈sinϕ〉
)
, (14)
ǫ
(eff)
αβ = 〈ǫ(P )αβ 〉+ ǫ(eff)zα ǫ(eff)zβ /ǫ(eff)zz , (15)
2〈εP 〉/ǫ0 = (r1/ezz + r2)
(
1 0
0 1
)
+
+ (r1/ezz − r2)
(〈cos 2ϕ〉 〈sin 2ϕ〉
〈sin 2ϕ〉 −〈cos 2ϕ〉
)
(16)
where ri = ǫi/ǫ0. After substituting the expression for
the azimuthal angle (4) into Eqs. (13)- (16), it is not
difficult to perform averaging over the helix pitch giving
the result that 〈sinϕ〉 = 〈sin 2ϕ〉 = 0 and
〈cos 2ϕ〉 = J2(αE) ≈ α2E/2,
〈cosϕ〉 = −J1(αE) ≈ −αE/2 = χEE/Ps, (17)
where Jn(x) is the Bessel function of the first kind of
nth order [28], χE = ∂〈Py〉/∂E is the dielectric suscep-
tibility of the Goldstone mode [29] and Py = Ps cosϕ
is the y component of the polarization vector, Ps. From
Eqs. (13)- (17), it is clear that, in the zero-field limit with
E = 0 (αE = 0), the effective dielectric tensor
〈εeff〉|E=0 = diag(ǫp, ǫp, ǫh) = diag(n2p, n2p, n2h), (18)
ǫh = ǫ
(eff)
zz = ǫ1 cos
2 θ + ǫ0 sin
2 θ, (19)
ǫp = (ǫ0ǫ1/ǫz + ǫ2)/2, (20)
where np and nh are the principal values of the refrac-
tive indices, is uniaxially anisotropic with the optical axis
directed along the twisting axis (z axis).
Interestingly, at ǫh = ǫp, the dielectric tensor (18) be-
comes isotropic. The condition of zero-field isotropy
r2 = 2ezz − r1/ezz (21)
gives the ratio r2 ≡ ǫ2/ǫ0 as a function of r1 ≡ ǫ1/ǫ0
and the tilt angle θ. According to the condition (21), the
ratio r2 monotonically changes from 2r1 − 1 to 2− r1 as
the tilt angle varies from zero to π/2. When n⊥ ≈ 1.5
and n‖ ≈ 1.7, the ratio r1 can be estimated at about
1.284 and equation (21) gives r2 ≈ 1.37 at θ = 30 deg.
In this case, r2 reaches unity and r1 at θ ≈ 55.8 deg and
θ ≈ 36.3 deg, respectively.
4In the presence of the applied electric field, E 6= 0,
the in-plane effective dielectric tensor (16) is no longer
isotropic and can be written in the following form:
〈εP 〉 = diag(ǫ+, ǫ−), ǫ± ≈ ǫp ± (ǫp − ǫ2)γ2EE2/2.
(22)
So, for normally incident light, the in-plane optical axis
with the principal value of the dielectric tensor equal to
ǫ+ (ǫ−) is normal (parallel) to the electric field E. The
refractive index difference
δnind = n+ − n− ≡ n⊥E − n‖E ≈ KkerrE2, (23)
Kkerr = 2np(1 − ǫ2/ǫp)(χE/Ps)2, (24)
where np =
√
µǫp is the in-plane zero-field refractive in-
dex, will be referred to as the electrically induced biax-
iality (in-plane birefringence) and exhibits the Kerr-like
nonlinearity: δnind ∝ E2.
For the phase modulation of normally incident light,
it is important that orientation of the in-plane optical
axes does not depend on the applied electric field E. By
contrast, propagation of the obliquely incident light is
governed by the effective dielectric tensor
εeff ≈

ǫ+ + γ2xzE2/ǫz 0 γxzE0 ǫ− 0
γxzE 0 ǫz

 ,
γxz = (ǫ1 − ǫ0) cos θ sin θχE/Ps, (25)
ǫ
(eff)
ij = ǫ
(eff)
− δij + (ǫ
(eff)
+ − ǫ(eff)− )d(eff)i d(eff)j
+ (ǫ(eff)y − ǫ(eff)− )δiyδyj (26)
which is generally biaxial. From Eq. (26), this tensor
is characterized by the three different principal values
(eigenvalues)
ǫ(eff)y = ǫ
(eff)
yy = ǫ− = n
2
2, (27)
ǫ
(eff)
± = (ǫ
(eff)
xx + ǫ
(eff)
zz )/2±
√
[∆ǫ]2 + [γxzE]2 = n
2
1, 3,
(28)
where ∆ǫ = (ǫ
(eff)
xx − ǫ(eff)zz )/2, and the optical axis
dˆeff = cosψdxˆ+ sinψdzˆ, tan(2ψd) = γxzE/∆ǫ (29)
is defined as the eigenvector corresponding to the princi-
pal value ǫ
(eff)
+ , whereas the eigenvector for the eigenvalue
ǫ
(eff)
y = ǫ− given in Eq. (22) (the unit vector yˆ) is parallel
to the applied field E = Eyˆ.
Clearly, the applied electric field changes the principal
values of the dielectric tensor (see Eqs. (27) and (28))
and, similar to the case of planar oriented FLC helix,
it additionally results in the rotation of the optical axes
about its direction (the y axis) by the tilt angle ψd de-
fined in Eq. (29). Behavior of the electrically induced
part of the principal values in the low electric field region
is typically dominated by the Kerr-like nonlinear terms
proportional to E2, whereas the electric field dependence
of the angle ψd is approximately linear: ψd ∝ E.
For a medium that lacks inversion symmetry, such be-
havior looks unusual because, in such media, the Kerr-
like nonlinearity is typically masked by the much stronger
Pockels electro-optic effect [30]. Actually, it differs from
the well-known Kerr effect which is a quadratic electro-
optic effect related to the electrically induced birefrin-
gence in optically isotropic (and transparent) materials
and which is mainly caused by the electric-field-induced
orientation of polar molecules [31].
By contrast, in our case, similar to PSBPLCs, we deal
with the effective dielectric tensor of a nanostructured
chiral smectic liquid crystal. The expression for the com-
ponents of this tensor (11) involves averaging over the
FLC orientational stucture. Owing to the symmetry of
undisorted FLC helix, the zero-field optical anisotropy of
DHFLC is generally uniaxial with the optical axis paral-
lel to the twisting axis.
Another effect is that, for the orientational distortions
of the FLC helix that are linearly dependent on the elec-
tric field and defined in Eq. (4), the averaging procedure
yields the effective dielectric tensor with diagonal (non-
diagonal) elements being an even (odd) function of the
electric field. The latter is behind the quadratic non-
linearity of the principal values of the dielectric tensor
and the corresponding refractive indices. Clearly, this ef-
fect is caused by the electrically induced distortions of
the helical structure and bears some resemblance to the
electro-optic Kerr effect. Hence it will be referred to as
the orientational “Kerr effect”.
Interestingly, the above discussed Kerr-like regime may
break down when the condition of zero-field isotropy (21)
is fulfilled and ǫp = ǫz. This is the special case where
∆ǫ is proportional to E2 and tan(2ψd) ∝ 1/E, so that
the optical axis tilt angle ψd decreases with the electric
field starting from the zero-field value equal to π/4. In
addition, it turned out that, for low electric fields, the
electric field dependence of the dominating contributions
to the electrically controlled part of the principal values
is linear.
We conclude this section with the remark that the dif-
ference of refractive indices (23), though formally defined
as an in-plane birefringence for a normally incident light,
results from the electric field induced optical biaxiality
combined with the above discussed out-of-plane rotation
of the optical axes. This is why this important param-
eter is called the electrically induced biaxiality. In the
subsequent section, the relation (23) will be essential for
making a comparison between the theory and the exper-
imental data.
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Figure 3: (Color online) (a) Chemical structure of
stearic acid chromium salt. (b) Microphotograph of
VADHFLC cell placed between crossed polarizers at
E = 0 V. The length of red mark is 20 µm.
III. EXPERIMENT
A. Samples and experimental setup
Now we pass on to describing our experimental pro-
cedure employed to measure the characteristics of EO
response of VADHFLC cells.
The DHFLC with smectic layers parallel to the sur-
faces, and with the well-known geometry of in-plane elec-
trodes have been used in our experiments. Figure 1
presents an extensive overview of the electro-optical cell
with vertically aligned FLC helix and inter-digital elec-
trode deployed on one of the two glass plates. The inter-
digital electrodes with electrode width 2 µm and elec-
trode gap of 50 µm have been deployed to apply electric
field parallel to the smectic layers. The vertical align-
ment to the DHFLC has been accomplished by spin coat-
ing glass plates with 40 nm thick layer of stearic acid
chromium salt (its chemical structure is shown in Fig. 3a)
followed by soft backing at temperature 100◦C for 10 min.
Figure 3b represents the optical microphotograph of the
VADHFLC cell which is placed between crossed polariz-
ers in the absence of the electric field.
The FLC-587 with the helix pitch P = 150
nm (at 22◦C) was used and the thickness of
VADHFLC layer, dFLC , is maintained at 10 µm.
The phase transitions sequence of this LC dur-
ing heating up from the solid crystalline phase is:
Cr
+12◦C−−−−→SmC⋆ +110
◦C−−−−−→SmA⋆ +127
◦C−−−−−→Is, while during
cooling from smectic C⋆ phase crystallization occurs
around -10◦C -15◦C. The spontaneous polarization,
Ps, and the tilt angle, θ, at room temperature are
150 nC/cm2 and 36.5◦, respectively.
The electro-optical measurements were performed in
an automatic regime. The setup scheme used in the ex-
periments is shown in Fig. 4. The basic element of this
experimental setup is computer data acquisition (DAQ)
board NIPCI 6251 from National Instruments. A photo-
detector was connected to input board plate for optical
measurements. In our experiments , the output signal,
Polarizer
HDFLC cell
Analyzer
Photodetector
Amplifier
PCI−6251
PC
Y
Z
X
He−Ne Laser
Figure 4: (Color online) Experimental setup for
electro-optical measurements in VADHFLC cells.
±10 V, was not sufficient therefore wideband power am-
plifier KH model 7600 from Krohn-Hite Corporation was
used. It gives a possibility to have the output signal up
to ±250 V.
B. Results
In this section we present and discuss the results of our
measurements.
For a vertically aligned DHFLC cell placed between
crossed polarizers (see Fig. 1), the light transmittance is
given by
T = sin2(2Ψ) sin2
πδninddFLC
λ
, (30)
where dFLC is the thickness of FLC layer and Ψ is the
angle between the polarization plane of incident light and
the direction of electric field. Figure 5 presents the ex-
perimental data for the transmittance, T , measured as
a function of E2 at temperature 60◦C and Ψ = 45◦.
The corresponding values of electrically induced biaxil-
ity, δnind, were estimated by using the formula (30) with
Ψ = 45◦ and dFLC = 10 µm. Referring to Fig. 5, for
FLC-587, the saturation value for the δnind vs E
2 curve
is about 0.05. The latter is an order of magnitude greater
than the value measured using the conoscopic method in
the smectic C⋆ phase [32] whereas it is of the same order
of magnitude as the values reported for the smectic A⋆
phase [33] and for the bent core nematic phase [34].
The theoretical curve for the electric field dependence
δnind(E
2) shown in Fig. 5 as a solid blue line was cal-
culated from the relation (23) by using the parameters
of DHFLC measured at temperature 60◦C: ǫ⊥ = 2.3,
6ǫ‖ = 3.1, Ps = 1.1 × 10−3 C/m2, θ = 35◦, χE = 50,
P = 210 nm and λ = 543 nm (the parameter χE was
measured using an original method published in Ref. [35],
Ps was measured by the Sawyer-Tower method [36] ). As
it can be seen from Fig. 5, there are small deviations be-
tween the theory and the experimental data when the
electric field exceeds 1.5 V/µm. This value is very close
to Ec and, therefore, it is reasonable to assume that the
helix unwinding is responsible for such inconsistency.
Figure 5: (Color online) Electric field dependence of the
transmittance T (E2) (diamonds) and δnind(E
2)
(circles) for VADHFLC cell placed between crossed
polarizers at Ψ = 45◦ (the applied frequency is 70 Hz).
The solid blue line is the result of theoretical fit
computed using equation (23). Insert shows the
coefficient Kkerr plotted against frequency.
With the help of experimental results for δnind and for-
mula (23), the coefficient Kkerr has been evaluated at dif-
ferent frequencies. The resulting frequency dependence
of Kkerr is plotted in the insert of Fig. 5. In the low fre-
quency region where f < 2 kHz, the coefficient Kkerr is
constant and its value Kkerr = 27 nm/V
2 is about two
orders of magnitude greater than the Kerr constant of
nitrobenzene and twice larger than the Kerr constant of
the best known PSBPLC [37].
At f > 2 kHz, the coefficient Kkerr decreases with
the frequency and shows a pronounced dispersion. From
equation (23), this effect can be attributed to the dis-
persion of the dielectric susceptibility of the Goldstone
mode, χE , in the high frequency region.
In the static limit, the expression for the Goldstone
mode susceptibility is as follows [29]
χE =
P 2s
2Kq2 sin2 θ
, (31)
where K is the elastic constant and q = 2π/P is the
twist wave number of FLC helix. This expression can
now be combined with the relation (23) to give the cor-
responding value of Kkerr. Hence the Kerr coefficient can
be increased further by tuning the material parameters
Ps, K, q and θ that define the susceptibility χE .
As is described in the caption of Fig. 2, in the presence
of electric field parallel to smectic layers, the two optical
axes of the VADHFLC cell, are rotated through the an-
gle ψd (see formula (29) and Fig. 2) in the x − z plane
normal to the electric field vector. In Fig. 2, this vector
is parallel to the y axis and defines the optical axis which
orientation is unaltered. It follows that, similar to the
well-known B effect in nematic liquid crystals, when the
polarization vector of incident light is perpendicular to
the direction of the electric field, the rotated optical axes
remain in the plane of light polarization and the phase
modulation of light occurs solely due to the change in the
effective refractive index.
Figure 6: (Color online) Solid circles represent δnind of
10 µm thick vertically aligned DHFLC cell and open
circles are for the ellipticity of the transmitted light at
the frequency of 40Hz. The ellipticity was measured at
Ψ = 90◦. Insert shows variation of the switching on and
switching off times, tON and tOFF, with the applied
voltage.
In this case, the polarization states of incident and
transmitted light beams are expected to be identical. As
it can be seen from Fig. 6, no noticeable modulation in
the ellipticity of transmitted light has been observed in
our experiments. It is clear that, in the low voltage range
where E < Ec and the electric field dependence of δnind
is quadratic, the ellipticity is independent of the electric
field. At higher electric fields where E is close to Ec, the
quadratic approximation for the electric field dependence
of δnind breaks down and the ellipticity of the transmit-
ted light begins to grow. The helix unwinding process is
responsible for both of these effects.
Insert in Fig. 6 represents the electric filed dependence
of the switching on and switching off times, tON and
tOFF. It is seen that the VADHFLC device is charac-
terized by the fast response time less than 100 µs and
thus the modulation frequency could be as high as 2 kHz
7with saturated electro-optical states. Although PSB-
PLCs have been recently considered as an emerging dis-
play and phase modulating technology, the VADHFLC
mode seems to have the advantage of higher Kerr con-
stant supplemented with faster (around an order of mag-
nitude) electro-optical response. Under certain condi-
tions, EO response of DHFLC cells can also be made
hysteresis-free [38]. So, VADHFLCs could find applica-
tion in many modern electro-optical devices.
IV. DISCUSSION AND CONCLUSIONS
In this article we have studied the electro-optical prop-
erties of VADHFLC cells with subwavelength pitch that
are of key importance for phase modulation. Theoreti-
cally, it was found that such cells can be described by
the effective dielectric tensor. This tensor was evaluated
by using an extended version of the theoretical approach
developed in [16].
It was shown that the in-plane electric field changes the
principal values of the dielectric tensor so as to transform
the zero-field uniaxial optical anisotropy into the biaxial
one. In addition, it results in rotation of the optical axes
about the electric field vector. It turned out that, in
the low voltage limit, the electrically induced changes of
the refractive indices are characterized by the quadratic
nonlinearity and the above effects can be interpreted as
the orientational “Kerr effect”.
Experimentally, we have verified that the electrically
induced biaxiality δnind shows the quadratic dependence
on electric field in the excellent agreement with the pre-
dictions of our theoretical model. For the noncentrosym-
metric systems, this type of the characteristic is quite
uncommon. In such systems, the Kerr-like nonlinearity
is typically masked by the dominating contribution from
the Pockels electro-optic effect [30].
The measured Kerr constant Kkerr for VADHFLC is
about 27 nm/V2, which is about two orders of magnitude
larger than that for the nitrobenzene and twice as large
as that for the best known PSBPLC. From equations (23)
and (31) it additionally follows that the value ofKkerr can
be increased further by optimizing the FLC parameters
such as the spontaneous polarization and the elastic con-
stants with special care of the fundamental constraint of
P/λ≪ 1 to avoid changes in the polarization character-
istics such as the ellipticity and the polarization azimuth.
The 2π phase modulation with the response time less
than 100 µs, constant ellipticity of transmitted light and
hysteresis-free electro-optics are the real advantages of
the system. This provides an opportunity for the devel-
opment of a new generation of phase matrices operating
in kilohertz frequency range. Such elements are crucially
important for both science and technology and thus could
find application in many modern electro-optical devices.
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